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I. INTRODUCTION

Until now, no known method has existed that conveniently allowed the
quantitative detection of atomic and molecular species at concentrations

below 108/cm3 5

Atomic absorption is limited to concentrations greater than
108 atoms/cm3. $ Mass spectroscopy is generally less sensitive than atomic
absorption. The doppler -free, two-photon excited fluorescence method is
theoretically capable of detecting 105 molecules/cm3, but only when favor -
able absorption cross sections and radiative lifetimes are a,ssumed.2 The
resonantly enhanced two-photon absorption method can detect 10Z atoms/cm3.
but the absorber must have a fortuitous set of energy levels, and two narrow-

2 Na atoms/cm3 has

band, tunable dye lasers are required. 4 Detection of 10
been demonstrated with the use of a single-photon laser fluorescence method.4
For many species, however, this method would require frequency-doubled
dye lasers, even more sophisticated dye-laser frequency-mixing devices, or
the use of pulsed dye lasers, which reduce the detection sensitivity. In addi-
tion, methods that employ dye lasers are by comparison relatively costly.
This technique (based on an idea of Capelle) provides relatively simple
quantitative detection of sample particles in a gas stream at very low concen-
trations. It is a general technique and is applicable to many atomic and
molecular species. 5

The method consists of monitoring the fluorescence intensity from a

sample species, S, excited by energy transfer from a metastable species, M".




3 The kinetics are summarized as follows:

-
: M rs S Mes” (1)
e B (2)

where the asterisk implies electronic excitation. If the metastable is in
excess and the radiative trans;ltion, Reaction (2), is fully allowed (T ~ 10-8 sec),
then pseudo first-order kinetics obtain, with Reaction (1) representing the rate
controlling step. Under these conditions, the fluorescence intensity per unit

volume, I, is related to the sample species concentration,
%
1=k[M ][S] (3)

and the measurement of I determines the relative sample concentration. For
k the determination of absolute concentrations, the value of k and [M*] must be
known or the system must be calibrated by measuring [S] with a suitable
alternative technique at some conveniently high concentration. The rate

é constant, k, is large (> 10'13 cm3/sec) for transfer from metastable NZ(A3E:)
1 (Ar, He, and other metastables should also work) to many atomic acceptors.

Since this species can be prepared by discharge techniques at concentrations

= of 1013/cm3, extremely small concentrations of sample particles can result
in large fluorescence intensities. By the use of sensitive photon-counting
techniques on samples with large transfer rate constants, detection of <100

particles/cm3 is feasible. In this scheme, the sample particles may undergo

-6~




the excitation-emission cycle repeatedly. They are the catalytic agent for

the production of photons from the energy stored in the metastable. This
characteristic accounts for the high sensitivity of the method. Detection of
the radiation from this process gives the experimentalist a very sensitive

technique for qualitative and quantitative analyses.
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II. EXPERIMENT

The apparatus is shown schematically in Fig. 1. It consists of a

vertical section of quartz tubing 9 cm in diameter. An electrically heated metal

vapor furnace is attached to the bottom of the quartz tube, and a 60 liters/sec
pump, attached at the top of the quartz tube, provides the means to evacuate 3
the system. Argon injected through the bottom of the furnace assembly
entrains the flow of atomic Bi from the furnace and carries it into the quartz
observation section. In this section, the concentration of Ar (?.1016/cm3) is
much greater than the bismuth concentration. A thermocouple placed in
contact with the bismuth in the furnace allows direct measurement of the
metal atom source temperature.

A ring-shaped quartz gas injector was inserted into the apparatus at the
junction of the furnace assembly and quartz flow tube. Through this injector,
active nitrogen was introduced into the Ar-Bi stream. The active nitrogen,
consisting primarily of N atoms, NZ(A3E:), and ground -state NZ’ was pre-
pared upstream of the injector by passing N2 gas through a 70-W microwave ‘
discharge. The region of the quartz flow tube ~ 5 cm above the active nitro-
gen injector was monitored photoelectrically with a 1P28 phototube attached
to a 1/2 m monochromator. A hollow cathode Bi lamp was placed on the
opposite side of the flow tube and at the same height as the monochromator
entrance slits. It was used as a line source for the atomic absorption mea-
surements to calibrate the fluorescence intensity measurements with respect

to Bi vapor concentration.

-1
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III. RESULTS AND DISCUSSION

The Ar and N, flows (1021/sec and 2 X 1020/sec, respectively) were

2
adjusted to give a total pressure of 0.5 Torr.

With the microwave generator

set to deliver 70 W to the N, flow, a pale straw-colored glow was observable

2

downstream of the injector. The furnace was then set to a given temperature,

and the resulting atomic Bi emission was measured. This consisted predomi-

4 4

nantly of the 3068-A line from the PI/Z — Sg/z transition. However, several

lines were recorded at each temperature. In Fig. 2, the intensity of the
3068-A line (left-hand scale) at several temperatures is plotted against

104/T(K).

The slope of the resulting straight line is the same as a plot
(suggested from a critical review of the literature) of the log of the Bi equilib-
rium vapor pressure versus 104/T(K). Evidently, the fluorescence intensity
from the excited Bi in the observation zone is proportional to the vapor pres -
; sure of ground-state metal that would result from the furnace temperature in
an equilibrium situation. Similar plots were made from the intensity data of
eight different Bi emission lines, and all were linear with the same slope
over the temperature range in which they could be observed.

3 At the higher temperatures, the Bi density was sufficient to make

atomic absorption measurements bty means of the 3068-A line from the Bi

hollow cathode lamp,9
concentration.

also plotted in Fig. 2.

calibrate the graph, giving the scale on the right-hand side. s

thereby directly determining the Bi-atom ground-state

The results for sevsral values of the source temperature are

These points and the slope from Ref. 10 were used to

Bismuth
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Fig. 2. Plot of Bi Concentration as a Function of 104/T(K)




vapor concentrations down to 15 X 104'/cm3 were measured. With refinements
of the method, it should be possible to detect Bi and many other species at
concentrations of 100 /cm3 or less. Experiments to this end and to demon-
strate the generality of the method are in progress.

Because of its extremely high sensitivity and relative simplicity, the
method described here has numerous immediate applications and many more
potential applications. It should be relatively easy to measure vapor-pressure
curves accurately for most of the elements over a range of more than eight
orders of magnitude. The method offers a reasonably simple means of
monitoring and analyzing exhaust and stack emissions. Other possible
applications include solid-state-device analysis (for trace impurities), foren-
sic analysis, e.g., of hair or explosives, and nondestructive material and

alloy analysis.
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Reference 10, however, indicate that, at a crucible temperature of

600 to 700°C, the effluent bismuth vapor should exist as roughly equal

parts of monomer and dimer. In order to assess the role of dimer

formation, atomic absorption measurements were made at 3068 A as

a function of crucible temperature and microwave power. At a crucible

temperature of 640°C, the ground state Bi monomer concentration |

increased by a factor of three when the microwave power was increased

Mt Y i i i

from 0 to 20 W. Further increases in microwave power effected no
additional change. Evidently, the bismuth vapor does exist as both
monomer and dimer in the gas flow at the proportions expected from J
the crucible temperature, and the active nitrogen is effective in dis-

sociating virtually all of the dimer. The mechanism may involve either

N-atom attack on the dimer or dissociative excitation transfer.
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THE IVAN A. GETTING LABORATORIES

The Laboratory Operations of The Aerospace Corporation is conducting
experimental and theoretical investigations necessary for the evaluation and
application of scientific advances to new military concepts and systems, Ver-
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satility and flexibility have been developed to a high degree by the laboratory
personnel in dealing with the many problems encountered in the nation's rapidly
developing space and 1nissile systems. Expertise in the latest scientific devel-
opments is vital to the accomplishment of tasks related to these problems. The
laboratories that contribute to this research are:

Aerophysics Laboratory: Launch and reentry aerodynamics, heat trans-
fer, reentry physics, chemical kinetics, structural mechanics, flight dynamics,
atmospheric pollution, and high-power gas lasers.

Chemistry and Physics Laboratory: Atmospheric reactions and atmos-
pheric optics, ckemical reactions in poﬁuted atmospheres, chemical reactions
of excited species in rocket plumes, chemical thermodynamics, plasma and
laser-induced reactions, laser chemistry, propulsion chemistry, space vacuum
and radiation effects on materials, lubrication and surface phenomena, photo-

sensitive materials and sensors, high precision laser ranging, and thke appli- 4
cation of physics and chemistry to problems of law enforcement and biomedicine.
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Electronics Research Laboratory: Electromagnetic theory, devices, and
propagation phenomena, including plasma electromagnetics; quantum electronics,
lasers, and electro-optics; communication sciences, applied electronics, semi-
conducting, superconducting, and crystal device physics, optical and acoustical
imaging; atmospheric pollution; millimeter wave and far-infrared technology. 3

3 Materials Sciences Laboratory: Development of new materials; metal

] matrix composites and new forms of carbon; test and evaluation of graphite
and ceramics in reentry; spacecraft materials and electronic components in
nuclear weapons environment; application of fracture mechanics to stress cor-
rosion and fatigue-induced fractures in structural metals.

T

Space Sciences Laboratory: Atmospheric and ionospheric physics, radia-
tion from the atmospherc., densiiy and composition of the atmosphere, aurorae
and airglow: magnetospheric physics, cosmic rays, generation and propagation
of plasma waves in the magnetosphere; solar physics, studies of solar magnetic
fields: space astronomy, x-ray astronomy; the effects of nuclear explosions,
magnetic storms, and solar activity on the earth's atmosphere, ionospherc, and
magnetosphere; the effects of optical, electromagnetic, and particulate radia-
tions in space on space systems.
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